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Abstract
Earth possesses a persistent, internally-generated magnetic field, whereas no trace of a dynamo has been detected on Venus, at
present or in the past, although a high surface temperature and recent resurfacing events may have removed paleomagnetic evidence.
Whether or not a terrestrial body can sustain an internally generated magnetic field by convection inside its metallic fluid core is
determined in part by its initial thermodynamic state and its compositional structure, both of which are in turn set by the processes
of accretion and differentiation. Here we show that the cores of Earth- and Venus-like planets should grow with stable compositional
stratification unless disturbed by late energetic impacts. They do so because higher abundances of light elements are incorporated
into the liquid metal that sinks to form the core as the temperatures and pressures of metal-silicate equilibration increase during
accretion. We model this process and determine that this establishes a stable stratification that resists convection and inhibits the
onset of a geodynamo. However, if a late energetic impact occurs, it could mechanically stir the core creating a single homogenous
region within which a long-lasting geodynamo would operate. While Earth’s accretion has been punctuated by a late giant impact
with likely enough energy to mix the core (e.g. the impact that formed the Moon), we hypothesize that the accretion of Venus is
characterized by the absence of such energetic giant impacts and the preservation of its primordial stratifications.
Keywords: planet formation, planetary differentiation, core formation, early Earth, early Venus, geodynamo
1. Introduction
Earth’s magnetic field is generated inside its convecting fluid
outer core, and paleomagnetic evidence indicates that it has per-
sisted since at least 4.2 Ga (Tarduno et al., 2015). Seismolog-
ical probing of the core suggests that it consists mostly of iron
and nickel with approximately 10 wt% light elements (i.e., an
uncertain mixture of Si, O and S and potentially others such
as H and C) (see Poirier, 1994, for review). Besides the possi-
ble stratified layers in the uppermost (Helffrich and Kaneshima,
2010; Buffett, 2014) and lowermost outer (Gubbins et al., 2008)
core, the average structure is consistent with isentropic com-
pression of a homogeneous liquid (Hirose et al., 2013). Dy-
namical constraints suggest that the bulk of Earth’s outer core
is exceptionally well-mixed, exhibiting density fluctuations of
order one part in a billion or less relative to an hydrostatic equi-
librium profile (Mandea et al., 2012). However, it is not known
how Earth’s core achieved this high degree of homogeneity and
whether such a high degree of homogeneity is expected for all
terrestrial planets.
Terrestrial planets like Earth grow from a series of accretion
events characterized by collisions with bodies, most of which
had cores of their own. In other words, Earth’s core is not cre-
ated in a single stage but from a series of core forming events
(multistage core formation is reviewed in Rubie and Jacobson,
2016). A core formed over multiple stages is not in chemi-
cal equilibrium with the mantle since each core addition equili-
brates with only part of the mantle (Deguen et al., 2011; Rubie
et al., 2015). Moreover, the core is not necessarily chemically
homogenous or isentropic at the end of planet formation. Only
further processing within the core removes the signatures of
multistage core formation and creates the practically homoge-
nous core observed today.
In order to determine the chemical state of the core during
and after planet formation, we linked a terrestrial planet forma-
tion model, a planetary differentiation model, and a core growth
model together (Section 2). From these linked models, we ob-
tained thermal and compositional profiles of the cores of Earth
and Venus. We find that the memory of multistage core forma-
tion remains as a distinct compositional stratigraphy within the
core. While convection may occur within certain layers, some
boundaries between layers resist convection, require conduc-
tive heat transport, and create multiple convective cells within
the core. However, we also determined that the density pro-
file of the core has a strong dependence on the efficiency of
impact driven core mixing (Section 3). If the impact energy
from planetary accretion events is efficiently converted into tur-
bulent mixing of the core, then the core is mechanically mixed
and homogenized. Otherwise, the density structure is preserved
within the core. As a consequence, a planet with this preserved
stable stratification may not be able to produce an Earth-like
geodynamo (Section 4). We hypothesize that such an internal
structure is still present in Venus, whereas the core of Earth was
sufficiently mixed by the Moon-forming impact (Section 5).
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2. Establishing the structure of the core from accretion
In order to understand the growth of Earth’s core, we used
previously published simulations of the growth of Earth from
the accumulation of planetesimals and planetary embryos out
of the terrestrial protoplanetary disk (Jacobson and Morbidelli,
2014). These simulations are described in detail in the sup-
plementary information. For clarity, we focus on the results
of a well-studied simulation, 4:1-0.5-8, which is the same as
that examined in Rubie et al. (2015, 2016). We pass the accre-
tion histories of each planet to a planetary differentiation model,
in which we calculated the chemical evolution of each planet’s
mantle and core as described in Rubie et al. (2011, 2015, 2016).
This model uses data from high pressure laboratory experi-
ments and a mass balance and element partitioning approach
to calculate the composition of core forming liquids after each
accretion event. Any equilibrated metal liquid continues sink-
ing to the core due to the high density contrast between metal
and silicate, while equilibrated silicate material is mixed with
the rest of the mantle.
We calculated reference core density, mass, gravity and pres-
sure profiles using an iterative process. After every core addi-
tion, we constructed a two-layer planet model using a pair of
Murnaghan equations of state for a silicate mantle and a metal-
lic core. This reference density profile as a function of pressure
P was fitted to the mantle and the liquid outer core of the pre-
liminary reference Earth model (PREM; Dziewonski and An-
derson, 1981):
ρref(r) =
1669 (18.89 + 5.517P(r))1/5.517 if r > RCMB1438 (195.7 + 3.358P(r))1/3.358 if r ≤ RCMB (1)
where the reference density ρref is measured in kg m−3 and the
pressure P is measured in GPa. Both the mass of the planet M
and the mass of the core MC are known from the planetary ac-
cretion model, so from the following equation, we determined
the radius of the core RCMB and the radius of the planet R.
M = 4pi
∫ R
RCMB
ρref(r′)r′2dr′ + MC (2)
MC = 4pi
∫ RCMB
0
ρref(r′)r′2dr′ (3)
Then we used the following equations to determine the gravita-
tional acceleration and pressure profiles.
g(r) =
4piG
r2
∫ r
0
ρref(r′)r′2 dr′ (4)
P(r) =
∫ R
r
ρref(r′)g(r′) dr′ (5)
This iterative procedure needed an initial guess, so we used an
uncompressed (P = 0 GPa) density profile to initially calcu-
late the core and surface radii given the core and planet mass.
We iterated through the equations above until the relative dif-
ference between consecutive density, gravity and pressure pro-
files added in quadrature is less than 10−6, which typically took
about 10 iterations. The core growth model calculates pertur-
bations to this reference model due to the varying thermal and
compositional properties of each core addition.
2.1. Establishing the thermal structure of the core
As new core forming liquids sink through the mantle, they
are heated by adiabatic compression and released gravitational
potential energy. Immediately after equilibration, the metallic
liquids have a temperature Teq, which is approximately halfway
between the peridotite solidus and liquidus at the metal-silicate
equilibration pressure Peq. As this material sinks to the core-
mantle boundary, it is adiabatically compressed and so heats up
to a temperature at the core-mantle boundary TCMB of:
TCMB = Teq +
dT
dP
∣∣∣∣∣
S
(
PCMB − Peq
)
(6)
where PCMB is the pressure at the core-mantle boundary and
dT/dP|S = 7.7 K GPa−1 is the adiabatic temperature gradient
for core fluids. Furthermore, gravitational potential energy is
released as the denser core fluids sink through the less dense sil-
icate mantle. If this heat is fully retained, then the temperature
of the core addition when it reaches the core-mantle boundary
is:
TCMB = Teq +
dT
dP
∣∣∣∣∣
S
(
PCMB − Peq
)
+
geqreq − gCMBRCMB
4picP
(7)
where cp = 825 J kg−1 K−1 is the estimated specific heat ca-
pacity at constant pressure for core fluids, geq and gCMB are
the gravitational accelerations at the radius of equilibration req
and the core-mantle boundary RCMB, respectively. As the core
continues to grow, layers already within the core continue to
adiabatically compress and increase in temperature:
T = TCMB +
dT
dP
∣∣∣∣∣
S
(P − PCMB) (8)
where T is the temperature of the layer in the core at pressure
P.
It is unclear how much of the released gravitational potential
energy is retained within the sinking core addition as heat, so
we examine this process in light of two end-member scenarios.
In the high temperature end-member model corresponding to
Eq. 7, all generated heat from adiabatic compression and sink-
ing in the gravitational potential is retained within the newly
formed layer of liquid metal. Alternatively, in the low tem-
perature end-member model corresponding to Eq. 6, the new
core addition is heated only by adiabatic compression; all of the
released gravitational potential energy is assumed to be trans-
ported away in the silicate mantle. Reality likely lies between
the low and high temperature end-member models, however
both establish a nearly isothermal core structure (see Fig. 1 (a)
and (b)).
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Figure 1: As solid lines, the panels show the radial profiles of the density
(ρ; left-most panel), temperature (T ; left-center panel), wt% abundance of total
light elements (Si, O and S; right-center panel), and the deviation of the den-
sity gradient from an isentrope (∂ρ/∂r − ∂ρ/∂r|S ; right-most panel) of the core
of the Earth-like planet. A completely-mixed adiabatic reference model built
from a fit to the outer core of the preliminary reference Earth model (PREM;
Dziewonski and Anderson, 1981) extrapolated to Earth’s center and possessing
a homogenous composition identical to that of the bulk Earth-like planet’s core
is shown as a dashed line. The extent of the modern inner core is marked by
a lower gray region. The two estimates of the stratified layer thickness, an ap-
proximately 300 km stratified layer estimated from seismic modeling (Helffrich
and Kaneshima, 2010) and an approximately 140 km stratified layer estimated
from geomagnetic modeling (Buffett, 2014), are shown in gray and dark gray
regions at the top of the core, respectively. Each subfigure in this figure and
in Figs. 3, 4, and 6 shows the same Earth-like planet with changing modeling
assumptions. All of the subfigures in this figure show the core as accreted,
i.e. no evolution during or after accretion. These three subfigures show the
consequences of different assumptions regarding thermal transport during the
descent of core additions and thermal transport in the core itself by examining
three different end-member models as described in the text.
These two end-members would leave the mantle, particularly
at the core-mantle boundary, in different thermal states. In the
cold end-member model, the mantle would be very hot and ther-
mal energy is unlikely to be vigorously transported across the
core-mantle boundary, whereas for the hot end-member model,
the mantle would be cooler and so thermal energy would more
easily be conducted across this boundary. While we introduce
these figures later, we note now that in Figs. 3, 4, 6 and 8 we use
the high temperature end-member model since some released
gravitational potential energy is likely transported into the core
making parts of the core initially superadiabatic qualitatively
similar to this model.
The thermal perturbations to the density of a core layer are
calculated as:
ρ = ρref (1 − α (T − Tref)) (9)
where α = 1.5×10−5 K−1 is the coefficient of thermal expansiv-
ity for liquid iron (Gubbins et al., 2003) and Tre f is the reference
temperature from an isentropic model:
Tref = TCMB,ref +
dT
dP
∣∣∣∣∣
S
(
P − PCMB,ref) (10)
where TCMB,ref = 4100 K and PCMB,ref = 135 GPa are the ref-
erence core-mantle boundary temperature and pressure. Ulti-
mately, since our conclusions rest only on differences in den-
sity between layers, they are insensitive to the chosen values of
TCMB,ref, PCMB,ref, and dT/dP|S.
Over the age of the solar system, thermal perturbations will
be conducted away, and so the sharp jumps observed in the
temperature profiles (e.g. Fig. 1) would soften significantly.
However, the density changes due to variations in composition
are much larger than those due to variations in temperature, so
even if the temperature variation were completely disregarded
and an adiabatic temperature profile was assumed to be instan-
taneously established, the density structure would persist. We
demonstrate this using another end-member model (see Fig. 1
(c)), where we force the growing core to always maintain an
adiabatic temperature profile given by Eq. 10 regardless of the
new core addition’s equilibrating temperature and heating his-
tory. Comparing the density profile from all three thermal mod-
els, we see that thermal anomalies produce an insignificant ef-
fect on the density profile compared to the varying composi-
tional structure of the core.
2.2. Establishing the composition of the core
The composition of the core evolves as the planet grows ac-
cording to a well developed planetary accretion and differentia-
tion model (Rubie et al., 2011, 2015, 2016). The initial compo-
sition of each planetesimal and planetary embryo contains non-
volatile elements in near solar system (i.e. CI chondrite) relative
abundances, while volatiles such as oxygen, sulfur and water
are present in variable abundances according to radial gradients
in the disk. All embryos and planetesimals are assumed to have
undergone core-mantle differentiation at the start of the simula-
tion if they are reduced enough to contain metal, i.e. from the
inner solar system. After each accretion event, metal-silicate
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equilibration occurs between the dispersed metal droplets from
the projectile’s core and a fraction of the target’s mantle (Ru-
bie et al., 2003); this fraction is determined from laboratory
experiments (Deguen et al., 2011). By tracking the major el-
ement composition as well as many minor and trace elements,
we modeled metal-silicate equilibration during each accretion
event using a mass balance and element partitioning approach
(described in detail in Rubie et al., 2011), which is based on lab-
oratory determinations of metal-silicate partitioning to take into
account the effects of changing composition (i.e. oxygen fugac-
ity), pressure and temperature (Mann et al., 2009; Frost et al.,
2010a; Boujibar et al., 2014). We also modeled the process of
iron sulfide segregation (the model is identical to that in Rubie
et al., 2016), which occurs during mantle magma ocean solidifi-
cation and is necessary to explain the measured low abundances
of the highly siderophile elements in Earth’s mantle as well as
the final S content of core, but the additions themselves con-
tain very little mass and do not substantially change the bulk
composition of the core.
As the mass of the planetary embryos increase, the metal-
silicate equilibration temperature and pressure increase. The
metal-silicate equilibration temperature is taken to be approxi-
mately at the midway point between the peridotite solidus and
liquidus at the equilibration pressure (Rubie et al., 2015). In or-
der to estimate the equilibration pressure, we assumed that it is a
constant fraction of the increasing core-mantle boundary pres-
sure. This constant fraction was refined along with the initial
volatile compositional gradients in the disk and the parameters
associated with sulfide segregation by a least squares minimiza-
tion so that the Earth-like planet’s mantle matches that of the
bulk silicate Earth once planetary accretion and differentiation
are complete. The values of the fitted parameters are listed in
the supplementary information. The Venus-like planet evolved
according to the same parameters as the Earth-like planet.
The composition of each core addition changes significantly
during the course of accretion as the equilibration pressures and
temperatures change, see Fig. 2. The final bulk composition
of the core and mantle of the Earth-like planet is shown com-
pared to the estimated composition of the bulk silicate Earth
from Palme and O’Neill (2003) in the supplementary informa-
tion. The light elements Si and O are increasingly incorporated
into the core, since they increasingly partition into the metal as
pressures and temperatures increase (Frost et al., 2010b; Mann
et al., 2009). While sulfide segregation does add a little sulfur
to the core (∼ 0.1 wt% total), the vast majority is added during
normal core formation and it also preferentially partitions in to
the core at higher pressures and temperatures (Boujibar et al.,
2014). Our primitive model for hydrogen partitioning adds H to
the core forming liquids whenever water is disassociated during
metal-silicate equilibration (Rubie et al., 2015); this happens
rarely and only small trace amounts of H are partitioned into
the core. Potential other light elements in the core such as car-
bon are not considered, however it is unlikely that they would
partition into the core in such quantities (see Table 1 of Hirose
et al., 2013) and in such a pattern as to cancel the effects of Si,
O and S.
The increasing abundance of light elements in the core as
a function of time is recorded in the radial stratigraphy of the
core, see Fig. 1. We modeled the effect of changing radial com-
position on the core density as a perturbation to the reference
density ρref given by the Murnaghan equation of state in Eq. 1.
The combined thermal and compositional perturbations to the
density ρ of a core layer are:
ρ = ρref
1 − α (T − Tref) −∑
i
βi
(
Ci −Ci,ref) (11)
where for each element i (Si, O, S and H) in the core, Ci is
the molar composition of the core layer, Ci,ref is the bulk molar
composition of the core, and βi is the estimated compositional
expansivity for each element in liquid iron at core pressures and
temperatures: 0.32 for O, 0.45 for Si, 0.38 for S, and 0.29 for H
(Alfe` et al., 2002; Antonov et al., 2002).
In general, a stable density stratification is established, since
the core additions deposited last are at the top of the core stratig-
raphy, equilibrated at the highest pressures and temperatures,
and have the highest light element abundances and lowest den-
sities. In detail, the composition of each new core addition de-
pends on the composition of the incoming projectile core and
the interacting portion of the target’s mantle as well as the in-
creasing pressure and temperature of metal-silicate equilibra-
tion during accretion. The projectile material varies in com-
position because of the heliocentric radial mixing observed in
protoplanetary disk dynamics (Chambers, 2001). Thus, the ac-
creted composition profile is not a smooth function of radius but
reflects a stratigraphy established by multistage core formation.
Some core additions have lower light element abundances
than those beneath them, which is in contrast to the general
trend established by metal-silicate equilibration. Indeed, these
core additions are density unstable (see Fig. 1), i.e. more dense
layers are above less dense layers so that ∂ρ/∂r > 0. It is not
clear how the core relaxes during accretion to achieve a stable
density configuration, so we implemented two different density
stabilization models: mixing and swapping. A layer mixing
model is appropriate if density instabilities during the core ad-
dition process result in turbulent flows, while a layer swapping
model is appropriate if the flows are laminar. For the mixing
model, when a core layer is more dense than the layer immedi-
ately below it, the two layers fully mix creating two new layers
with identical compositions and potential temperatures. If these
new layers are again more dense than the layers beneath them,
this process continues until the core has a stable density strat-
ification. For the swapping model, layers exchange position
rather than mix until stability is reached, adiabatically cooling
and heating as appropriate. Reality lies between these two end-
member models. Both are presented in Fig. 3, and overall, the
two models give similar results preserving the stable stratifica-
tion observed in Fig. 1. The swapping model preserves more
density structure than the mixing model, since the record of ev-
ery core accretion event is preserved, but just not in the order of
accretion.
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Figure 2: The growing mass (panel a), metal-silicate equilibration pressure (panel b), temperature (panel c), and the evolving bulk core composition (panels d–h) as
a function of accreted mass for the Earth-like planet.
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Figure 3: As solid lines, the panels show the radial profiles of the density (ρ;
left-most panel), temperature (T ; left-center panel), wt% abundance of total
light elements (Si, O and S; right-center panel), and the deviation of the density
gradient from an isentrope (∂ρ/∂r − ∂ρ/∂r|S ; right-most panel) of the core of
the Earth-like planet. As explained in the text, even small light element abun-
dance gradients which are difficult to discern in the plot can generate negative
density gradient deviations. Both subfigures show the final core profile from
models that include density stabilization and convective mixing after every ac-
cretion event, however each shows a different density stabilization models: (a)
mixing and (b) swapping, as described in the text. These models all use the
high temperature thermal end-model, but there is no significant difference with
the other thermal models. The reference model shown as a dashed line, and
gray regions are the same as that described in Fig. 1.
2.3. Effect of convection on the structure of the core
Density stabilization models, described above, are distinct
from possible mixing due to convection, which occurs when
the Rayleigh number Ra of the core fluid exceeds a critical
value Rac and instabilities are driven either by a thermal gra-
dient in the case of thermal convection or combined thermal-
compositional gradients in the case of double diffusive convec-
tion, so:
Rac < Ra =
gL4
µκ
(
∂ρ
∂r
− ∂ρ
∂r
∣∣∣∣∣
S
)
(12)
where g is the local gravitational acceleration, L is a length
scale, µ is the dynamic viscosity, κ is the thermal diffusiv-
ity, ∂ρ/∂r is the local density gradient, and ∂ρ/∂r|S is the
isentropic density gradient (Kono and Roberts, 2001). When
considering the Rayleigh number Ra, order of magnitude esti-
mates for the gravitational acceleration (g = 5 m s−2), viscosity
(µ = 1.25 × 10−2 Pa s; de Wijs et al., 1998), and thermal dif-
fusivity (κ = 2 × 10−5 m2 s−1; Pozzo et al., 2012) combined
with a layer width L & 1 km produce a very large positive
value for the term in front of the density gradient deviation:
gL4/µκ & 2 × 1019 g−1 cm3 km.
The critical Rayleigh number for Earth’s outer core is esti-
mated to be about Rac ∼ 1016 (Gubbins, 2001) and extends up
to 1017 when considering the entire core. Changing the layer
location and its thickness changes the Ekman number (Kono
and Roberts, 2001) and the shell geometry (Al-Shamali et al.,
2004), both of which effect the critical Rayleigh number, so the
range of possible layer critical Rayleigh numbers extends down
to about 109 when considering a km thick region near the cen-
ter of Earth. Given that the critical Rayleigh number is smaller
than the pre-factor gL4/µκ from Eq. 12 by a factor of about
10−11 g cm−3 km−1 at most, convection is expected if the den-
sity gradient deviation has a positive value, so:
0 <
∂ρ
∂r
− ∂ρ
∂r
∣∣∣∣∣
S
(13)
Conversely, if the density gradient deviation is negative, then
the core cannot convect locally and heat must be transported
via conduction.
The density gradient deviation is the density gradient relative
to that established by a constant composition isentrope, so it is
a sum of thermal and compositional terms:
∂ρ
∂r
− ∂ρ
∂r
∣∣∣∣∣
S
= −ρref
α (∂T∂r − ∂T∂r
∣∣∣∣∣
S
)
+
∑
i
βi
τ
∂Ci
∂r
 (14)
where the thermal term contains the local temperature gradient
∂T/∂r and the adiabatic temperature gradient ∂T/∂r|S , i.e. the
local gradient of the reference thermal model defined in Eq. 10,
and where the compositional term sums over the local chem-
ical gradient ∂Ci/∂r of each of the considered light elements
(i = Si, O, S and H). We assume that the chemical diffusivity
κc = 5 × 10−9 m2 s−1 is the same for all considered elements
(Posner et al., 2017a,b), and so the compositional structure es-
tablished by multistage core formation will not be homogenized
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by diffusion, even over the age of the solar system. Lastly, the
ratio of chemical to thermal diffusivities τ = κC/κ = 2.5× 10−4.
Density gradient deviation profiles of the newly formed core
(see Fig. 3) have two components: (1) a steep trend line and (2)
nearly horizontal departures from that trend. The steep trend
line is established by the retention of gravitational potential en-
ergy during core formation within the core addition. When all
of the dissipated gravitational potential energy is retained in
the layer as heat (high temperature end-member model), the
steep trend line in the mixing layer model is approximately
6 × 10−8 (r/km) g cm−3 km−1, where r is the radius. As the
fraction of retained heat from dissipated gravitationally poten-
tial energy goes to zero (the low temperature or adiabatic end-
member models), the slope of the trend line goes to infinity and
the value of the density gradient deviation goes to zero. Given
that the critical Rayleigh number is effectively zero, practically
any heat retention will produce a core with layers as predis-
posed towards thermal convection as the high temperature end-
member model, even though the exact Rayleigh number may be
many orders of magnitude different. However, the thermal con-
vection will be bounded between the horizontal negative den-
sity gradient deviations.
Horizontal departures from this vertical trend line are im-
posed by compositional and thermal shifts associated with dif-
ferent core formation events. Negative density gradient de-
viations are impermeable conductive barriers to convection,
since they are the locations of boundaries between core addi-
tions with different light element abundances. At these bound-
aries, the light element abundance gradient is typically posi-
tive ∂Ci/∂r & 10 molar ppm km−1. Re-arranging Eqs. 13
and 14 and estimating that the adiabatic radial temperature
gradient is ∂T/∂r|S ∼ −0.5 K km−1, the Rayleigh criterion
for convection requires a strong negative temperature gradi-
ent: ∂T/∂r . −1000 K km−1. These conductive layers pre-
vent the general homogenization of the core’s composition by
prohibiting neighboring regions, which may experience con-
vection independently, from compositionally equilibrating with
each other. Thus, these barriers generally persist even after
thermal convection due to core cooling has mixed contiguous
regions with positive density gradient deviations, as shown in
Fig. 4. In effect, they create an onion-like shell structure within
the core, where convective mixing eventually homogenizes the
fluids within each shell but prevents homogenization between
shells.
With respect to double diffusive instability theory, the den-
sity stratification established by multistage core formation is
of the ‘diffusive’ type since colder, lower mean molecular
weight liquid is above hotter, higher mean molecular weight
liquid and the diffusivity ratio τ < 1. Unlike the ‘finger-
ing’ type double diffusive instability, in this regime a pertur-
bation grows via oscillations overshooting a background sta-
ble stratification increasing diffusion rates across the bound-
ary. The criterion for this instability is that the density ratio
Rρ = β(∂C/∂r)/α
(
∂T/∂r − ∂T/∂r|S ) is between 1 < Rρ < Rρ,c
where the critical density ratio is Rρ,c = (Pr + 1) / (Pr + τ) ≈ 20
when the Prandtl number is Pr = µ/κρ ≈ 0.05. This condition is
never met, because the density ratio is always either Rρ  1 at
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Figure 4: As solid lines, the panels show the radial profiles of the density (ρ;
left-most panel), temperature (T ; left-center panel), wt% abundance of total
light elements (Si, O and S; right-center panel), and the deviation of the density
gradient from an isentrope (∂ρ/∂r− ∂ρ/∂r|S ; right-most panel) of the core of the
Earth-like planet. As explained in the text, even small light element abundance
gradients which are difficult to discern in the plot can generate negative den-
sity gradient deviations. These subfigures are identical to those in Fig. 3 except
that convection has mixed the contiguous positive density gradient deviations
regions in Fig. 3, so those same regions appear generally in this figure to have
zero density gradient deviations. There are a few exceptions in the swapping
subfigure (b) where individual layers with positive density gradient deviations
at the resolution limit of the model have not completely relaxed to zero. These
models all use the high temperature thermal end-model, but there is no signifi-
cant difference with the other thermal models. The reference model shown as a
dashed line, and gray regions are the same as that described in Fig. 1.
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Figure 5: Each panel shows contours (1%, 10%, and 100%) of constant core
mixing fraction as a function of the projectile mass in Earth masses and the
mixing efficiency. Remember that the mixing fraction describes the fraction of
each core layer that is mixed amongst the layers while the mixing efficiency
describes how much energy of the total released impact energy ultimately goes
into mixing the core. These contours are generated for a hypothetical impact
occurring on the Earth-like planet modeled in Fig. 4 (a), so the target is an
Earth-mass body with the stratified core shown there. The projectile, which has
its mass given by the abscissa and a core mass one-third of its total, impacts at a
different impact velocity for each panel (the escape velocity in the upper panel
and three-times the escape velocity in the lower panel). The mixing efficiency
along the ordinate dictates what fraction of the total released impact energy is
converted into delivered core mixing energy. The delivered core mixing energy
divided by the energy required to mix the core completely is the mixing frac-
tion, which is given by the contours. Gray regions are where the entire core is
entirely mixed, i.e. mixing fractions equal to or greater than one. The nominal
mixing efficiency of about 4% is shown as a horizontal dashed line. For ref-
erence, a projectile with the mass of Ceres, the largest asteroid, is shown as a
vertical dashed line.
the conductive boundary or Rρ  Rρ,c within the homogenous
layers.
3. Consequences of impacts on core structure
Energy released during impacts could turbulently mix the
core, thus significantly altering its density structure (Stevenson,
2014) and erasing the stratigraphy produced by multistage core
formation. We simulate the role of impacts by first calculating
the required energy to entirely mix the core prior to the impact,
i.e. the potential energy difference between the current core and
a completely mixed core with an adiabatic temperature profile
(Nakajima and Stevenson, 2016). Second, we calculate the total
energy released during the impact, both the kinetic energy of the
impact and also the potential energy difference as the two dif-
ferentiated bodies merge into a single differentiated body. We
determine these quantities directly from the N-body simulation
and the calculated interior structures of the pre- and post-impact
bodies. In order to determine the delivered mixing energy, we
multiply the total released energy by a mixing efficiency, which
we estimate to zeroth order to be about 4% as described below.
Lastly, the delivered mixing energy is divided by the required
mixing energy from the first step to obtain the mixing fraction.
Examples of this calculation are shown in Fig. 5. If the mix-
ing fraction is at, or exceeds 100%, then the core is completely
mixed. Otherwise, only a fraction of the core is mixed.
In the case of a mixing fraction less than 100%, we use a first
order mixing model that divides each core layer into two parts
corresponding to a mixed fraction and a preserved fraction. The
mixed fraction of every layer is mixed together across the en-
tire core, completely thermally and compositionally equilibrat-
ing, as if violently stirred during the impact. Then the mixed
fraction of each layer is recombined with the preserved fraction
of that layer, recognizing that lateral mixing is ultimately more
vigorous and continues longer than radial mixing post-impact
since it does not have to do work against the gravitational po-
tential. In this way, the amplitude of the thermal deviations of
the temperature profile away from an isentrope and composi-
tional deviations away from a homogenous bulk composition
decrease proportionally to the mixing fraction.
Despite the simplicity of estimating the total released energy,
it is difficult to estimate the delivered mixing energy. From lab-
oratory experiments, we know that only about a quarter of the
kinetic energy deposited in fluid motion is expected to be dissi-
pated into turbulent mixing (Mcewan, 1983). But we do not ex-
pect all released impact energy to be deposited into the core as
fluid motion, instead much of the released impact energy goes
into other reservoirs such as the mantle, atmosphere and impact
ejecta, and other processes such as heating, large-scale melting,
and bulk rotation. Furthermore, the energy will be deposited
heterogeneously with much of it concentrated in the mantle di-
rectly beneath the impact site and at the antipode. Determin-
ing the fraction of the total energy released in an impact that is
eventually used to mix the core is a complicated task left for fu-
ture work since it likely will require significant laboratory and
numerical experiments.
Instead, we have created a quantity called the mixing effi-
ciency, which converts the total released impact energy into the
core mixing energy. For instance, if the mixing efficiency is
0%, then none of the energy released during the impact pro-
duces core mixing and the results are those shown in Fig. 4.
However, if the mixing efficiency is 1% and the total released
impact energy is five times the required mixing energy, then the
mixing fraction is 5%. A zeroth order estimate for the mixing
efficiency may be obtained by assuming that the impact energy
is equally distributed amongst all mass elements so the core re-
ceives one-third, that the impact energy delivered to the core
is equally partitioned between internal and kinetic energy, and
that the turbulent mixing energy is a quarter of the kinetic en-
ergy deposited in the core. From these assumptions, the mixing
efficiency is about 1/3 × 1/2 × 1/4 = 4% with an approximate
order of magnitude of uncertainty.
The cores of relatively large differentiated projectiles (like
that in a Moon-forming impact; core radius & 500 km) merge
rapidly with the target core on the same timescale as dynamical
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relaxation of the newly merged planet (τmerge ∼ τrelax ∼ hours;
Dahl and Stevenson, 2010; C´uk and Stewart, 2012; Canup et al.,
2017). However, metal from either differentiated (core ra-
dius . 500 km; Deguen et al., 2014) or undifferentiated plan-
etesimals is first turbulently mixed into the target mantle be-
fore sinking much more slowly to the core-mantle boundary
(τmerge & 1000 hours  τrelax ∼ hours; Dahl and Stevenson,
2010; Rubie and Jacobson, 2016). Thus, core forming liquids
from small projectiles are not mechanically mixed into the core
by their own impact unlike core material from large projectiles.
However, small projectiles do not mix the core. In Fig. 5,
we show an example suite of core mixing calculations for a hy-
pothetical projectile striking the fully grown Earth-like planet
shown in Fig. 4 (a). For projectiles near Ceres-size or smaller,
they deliver on order of a per cent or less of the energy required
to mix the core Thus, even if the core mixing efficiency is high,
they do not substantially contribute to core mixing. On the other
hand, giant impacts often deliver many times the energy nec-
essary to entirely mix the core so the exact value of the mix-
ing efficiency becomes important. If the mixing efficiency is
greater than the nominal value of 4%, then a Mars-sized projec-
tile (about a tenth of an Earth mass) like the canonical Moon-
forming impactor (Canup and Asphaug, 2001) is sufficient to
completely mix the core. Alternatively, if the mixing efficiency
is less than the nominal value of 4%, then only the largest pro-
jectiles will mix all or most of the core.
Recall that uncertainty of the nominal mixing efficiency is
currently high, but if knowledge of this value improves, then
it could discriminate between leading Moon-forming impact
scenarios. If the mixing efficiency is typically much lower
than 4%, then only the highest velocity impacts or those be-
tween like-sized bodies would result in mechanical mixing of
the core, either of which sound remarkably like an already pro-
posed Moon-forming impact scenario (C´uk and Stewart, 2012;
Canup, 2012). However, the opposite could be true as well,
and Earth’s core could be well-mixed by a series of lunar-sized
projectiles during its growth, consistent with a multiple impact
Moon-forming scenario (Rufu et al., 2017).
Using the N-body accretion history which provides the char-
acteristics of each impact including the impact velocity, we sim-
ulate impact mixing of the core for each impact throughout all
of accretion. For the sake of simplicity, we define a constant
mixing efficiency throughout all of accretion for each model.
This is unlikely to be fully realistic, since the mixing efficiency
is likely to vary with impact geometry and velocity, target rota-
tion state, physical state of the target’s mantle (solid or molten)
etc., but the final structure of the core is mostly determined from
the final giant impact or two. We show the accumulated effects
of this impact driven core mixing on the final core structure in
Fig. 6 for mixing efficiencies of (a) 0.5%, (b) 2.5%, and (c) 5%
(the results in Fig. 4 (a) are for a constant mixing efficiency of
0%). It is clear that as the mixing efficiency increases, the core
becomes increasingly homogenous and the number of conduc-
tive barriers decreases from the bottom upwards. At a 5% mix-
ing efficiency, the entire core is well mixed and homogenous.
Considering that Earth appears to possess a nearly homogenous
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Figure 6: As solid lines, the panels show the radial profiles of the density (ρ;
left-most panel), temperature (T ; left-center panel), wt% abundance of total
light elements (Si, O and S; right-center panel), and the deviation of the density
gradient from an isentrope (∂ρ/∂r − ∂ρ/∂r|S ; right-most panel) of the core of
the Earth-like planet. As explained in the text, even small light element abun-
dance gradients which are difficult to discern in the plot can generate negative
density gradient deviations. The Earth-like planet reference model, shown as
a dashed line, and gray regions are the same as in Fig. 1. All subfigures show
the final core profile from models that include density stabilization via the mix-
ing model, convective mixing, and mixing induced from impacts after every
accretion event, however each shows a different mixing efficiency: (a) 0.5%,
(b) 2.5%, and (c) 5%, as defined in the text. In other words, these models are
identical to that shown in Fig. 4 (a) plus the accumulated effect of impact driven
core mixing. These models all use the high temperature thermal end-model.
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core (Mandea et al., 2012), the mixing efficiency for Earth must
have been near this value, which is generally in good agreement
with the 4% estimate made earlier. While none of these models
result in a layer of conductive bands as narrow as the stratified
layers observed by seismic waves (Helffrich and Kaneshima,
2010) or magnetic fields (Buffett, 2014), it’s clear that a gen-
eralized version of this process could result in a distinct region
of stratified lower density material in the uppermost layers of
Earth’s core when mixing efficiencies are a few per cent.
4. Consequences of core structure on planetary magnetic
fields
If the mixing efficiency is high, then the core may convect
as a single cell and a traditional planetary dynamo may result.
When the mixing efficiency is low, the core is divided into con-
vective shells between the conductive boundaries created by
multistage core formation and revealed as negative horizontal
anomalies in the density gradient deviation profiles. The con-
vective shells between the conductive boundaries will meet the
general requirements for sustaining a magnetic dynamo, as long
as there is a source of buoyancy to drive the convection since the
fluid is conductive and the Coriolis force is non-negligible even
in the case of Venus (as reviewed in Stevenson, 2003). Initially,
any retained heat in the core from released gravitational poten-
tial energy can power convection in each shell as long as there
is enough of a thermal gradient out of the top of the shell to
drive the heat flux. However, it is unclear whether the planetary
magnetic field generated by this multi-celled onion-like con-
vective structure will appear similar to Earth’s current dipolar
field. Indeed, paleomagnetic records created on the planetary
surface from a thin convecting shell are likely quite different
than that recorded currently on Earth from it’s thick convect-
ing shell (Stanley et al., 2005). While convection is occurring
in each shell of the core, there will also be interaction between
the fields generated by each dynamo, but future work will be
needed to fully determine the effects of this interaction.
As the core cools, the thermal gradient within each convec-
tive cell eventually relaxes to an adiabat and the density gradient
deviation trend line relaxes to zero as seen in the low tempera-
ture and adiabat end-member models in Fig. 6. Upper conduc-
tive boundaries, which all but the uppermost shell possesses,
force heat to be transported out of the lower shell conductively,
and thus heat will be transported through the upper shell con-
ductively with no thermal convection. In the uppermost shell,
thermal convection is dependent on the core-mantle boundary
heat flux, which could become large enough to initiate thermal
convection in this shell only.
There are also other possible sources of buoyancy in the core
such as the proposed magnesium precipitation at the top of
the core (Badro et al., 2016; O’Rourke and Stevenson, 2016),
which like thermally driven convection could drive convection
in only the uppermost shell in a planet with an onion-like core
structure until that shell obtained a density as high as the shell
beneath it, and so forth. Alternatively, if inner core crystal-
lization occurs then light elements are introduced into the outer
core from the bottom creating a negative compositional gradi-
ent in the lowermost shell and driving convection in that shell
only until it’s density matches that of the shell above it, and
so forth. In such a case, a dynamo driven in the bottom-most
shell may not be able to create a magnetic field detectable at the
surface of the planet because of the large amounts of conduc-
tive fluid material between the convecting cell and the surface
(Christensen and Wicht, 2008).
In general, the magnetic Reynold’s number is the ratio of the
rates of magnetic induction (i.e. fluid advection) to magnetic
diffusion: ReM = vL/λ, where v is a characteristic velocity, L
is the convective layer thickness and λ is the magnetic diffu-
sivity of core liquids. Below the critical magnetic Reynold’s
number (ReM ∼ 10), the magnetic field diffuses away faster
than the dynamo action can generate it. The estimated value
of the magnetic Reynold’s number for Earth’s outer core is
about ReM . 103 (Davidson, 2013). If the impact mixing effi-
ciency is low and numerous conductive boundaries exist, then
the relevant length scale for such a planet would be approxi-
mately an order of magnitude smaller (perhaps, changing from
L ∼ 2000 km to L ∼ 200 km), thus reducing the magnetic
Reynold’s number by an order of magnitude as well, even if
the characteristic velocities remain unchanged. A current lead-
ing theory for the lack of a planetary magnetic field on Venus
is that the lack of plate tectonics has stifled heat flow through
the mantle, thus through the CMB, and eliminating the power
for core convection and the characteristic velocity v of core flu-
ids (Nimmo, 2002). In the case that the core of Venus is di-
vided into many layers by conductive boundaries due to multi-
stage core formation, this condition on the mantle heat flow
is relaxed. If the layers are small enough, then the magnetic
Reynold’s number will be sub-critical directly due to a small
convective domain.
5. Core structure of Earth and Venus
The Moon-forming impact on Earth was a late (Jacobson
et al., 2014) and violent (C´uk and Stewart, 2012; Canup, 2012)
event that likely delivered enough mixing energy to the core to
remove all traces of multistage core formation (Nakajima and
Stevenson, 2016). Thus Earth’s core likely appeared as in Fig-
ure 6 (c) soon after the end of core formation. However, we
hypothesize that this may not be the case for Venus, since it has
no detectable internally-driven planetary magnetic field despite
many similarities with Earth. To test this idea, we performed
an identical analysis for the Venus-like planet which grew in
the exact same N-body simulation as the Earth-like planet. The
details of its accretion, core formation history and light element
abundances are shown in Fig. 7 and its final bulk composition
is tabulated in the supplementary information. In Fig. 8, we
show the final core structures for three models with different
mixing efficiencies: (a) 0%, which can be directly compared
to the Earth-like planet’s core structure in Fig. 4 (a), (b) 5%,
which can be directly compared to the Earth-like planet’s core
structure in Fig. 6 (c), and (c) 25%. The most striking differ-
ence between the two planets is that at a mixing efficiency of
5%, the conductive layering in the core of the Earth-like planet
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Figure 7: The growing mass (panel a), metal-silicate equilibration pressure (panel b), temperature (panel c), and the evolving bulk core composition (panels d–h) as
a function of accreted mass for the Venus-like planet.
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Figure 8: As solid lines, the panels show the radial profiles of the density (ρ;
left-most panel), temperature (T ; left-center panel), wt% abundance of total
light elements (Si, O and S; right-center panel), and the deviation of the density
gradient from an isentrope (∂ρ/∂r− ∂ρ/∂r|S ; right-most panel) of the core of the
Venus-like planet. As explained in the text, even small light element abundance
gradients which are difficult to discern in the plot can generate negative den-
sity gradient deviations. A completely-mixed adiabatic reference model built
from a fit to the outer core of the preliminary reference Earth model (PREM;
Dziewonski and Anderson, 1981) extrapolated to Venus and possessing a ho-
mogenous composition identical to that of the bulk Venus-like planet’s core is
shown as a dashed line. All subfigures show the final core profile from models
that include density stabilization via the mixing model, convective mixing, and
mixing induced from impacts after every accretion event, however each shows
a different mixing efficiency: (a) 0%, (b) 5%, and (c) 25%, as defined in the
text. These models all use the high temperature thermal end-model.
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Figure 9: Panel (a) shows the calculated core mixing fractions for pairs of
Earth-like and Venus-like planets from 127 previously published planet forma-
tion simulations (Walsh et al., 2011; Jacobson and Morbidelli, 2014; Jacobson
et al., 2014). Panel (b) shows the times relative to the formation of the first
solids in the solar system (CAIs) of the last giant impacts on the Earth-like and
Venus-like planets of the same 127 simulated solar systems. In all of these sys-
tems, only two terrestrial planets are created within the mass ranges (factor of
two) of Earth and Venus and the planets modeled in detail throughout the paper
are marked with a star. In panel (a), the calculated core mixing fraction is the
mixing efficiency, which is assumed to be 4%, multiplied with the total released
impact energy, which is determined from the planet formation simulations, and
divided by the energy necessary to mix the core, which is determined from the
core density profile shown in Fig. 4 (a) for Earth-like planets and Fig. 8 (a)
for Venus-like planets. For illustrative purposes, we have not placed a ceil-
ing on the calculated core mixing fraction at one, but in reality a core mixing
fraction greater than one is equivalent to one, since the core is mixed at one
regardless of the extra mixing. The gray region indicates the region where the
Earth-like planet experiences complete core mixing during the final impact and
the Venus-like planet does not. In Panel (b), the gray region indicates the one
sigma bounds about the best estimate for the time of the last giant impact on
Earth: 95 ± 32 Myr (Jacobson et al., 2014). The median time for the last giant
impact on the Venus-like planet for these simulated Earth-like planets is 34 Myr
and 76% have impacts prior to 63 Myr.
has been eliminated whereas it still exists throughout the outer
half of the mass (radius of about 2650 km) of the Venus-like
planet’s core.
This is a direct result of the differing impact histories be-
tween the two terrestrial planets. From the highly siderophile
element record on Earth, we know that Earth must have had
a late (∼95±32 Myr) giant impact but this constraint does not
exist for Venus (Jacobson et al., 2014). In the simulation exam-
ined in this paper, the Venus-like planet has an early final giant
impact (∼11 Myr) at relatively low energy, while the Earth-like
planet had a late giant impact (∼110 Myr) at high energy (see
Fig. 9). In fact, in 39% of 127 previously published simulated
planetary systems (Walsh et al., 2011; Jacobson and Morbidelli,
2014; Jacobson et al., 2014), the final impact on the Venus-like
planet does not fully mix the core while the final impact on the
Earth-like planet does. This frequency increases to 50% of the
subset of systems, when we consider that we have independent
evidence that the final Moon-forming impact was a high energy
impact, so we remove from the denominator all systems with
Earth-like planets that do not have fully mixed cores. Particu-
larly violent or gentle impacts can result at any time within the
chaotic dynamics of planet formation as shown in Fig. 9. We
can understand this result by examining again Fig. 5 and noting
that increasing the impact velocity lowers the mixing efficiency
required to completely mix the core by increasing the total re-
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leased impact energy. So two planets of similar size in the same
protoplanetary disk can have very different core mixing histo-
ries, if they are the targets of projectiles with different masses
and impact velocities.
Based again on Fig. 8, the core of the Venus-like planet does
not become completely mixed even in the case of 25% mixing
efficiency. This is because while Earth and the Earth-like planet
from the simulation have a late accreted mass of about 0.5%
of an Earth mass, constrained by the concentrations of highly
siderophile elements in Earth’s mantle (Chou, 1978), the Venus-
like planet has a much larger (13% Earth masses) late accreted
mass—the late accreted mass being the total mass delivered by
planetesimals after that last giant impact. While the mantle
magma ocean created by the last giant impact exists, planetesi-
mal accretion still contributes core forming liquids; afterwards,
without giant impacts to create large quantities of melt, plan-
etesimal cores are mixed by solid convection and oxidized in
the mantle instead of being segregated significantly to the core
(Rubie et al., 2016). While the mantle magma ocean created by
the last giant impact is expected to exist for a few million years
on each body, the two bodies accrete very different amounts of
planetesimal mass during this period due to the differences in
accretion rate between the Venus-like and Earth-like planet (the
last giant impact on the Venus-like body occurs at 11 Myr while
that on the Earth-like body occurs at 110 Myr).
The Earth-like and Venus-like planets highlighted in this pa-
per, while representative of general trends, are not intended to
be viewed as specific histories of Earth and Venus. Instead,
they are meant as archetypes. Both planets show the growth
of concentric shell structures in their cores due to the chang-
ing conditions of metal-silicate equilibration during multi-stage
core formation. The radial location of conductive boundaries in
the core and whether these boundaries persist against convec-
tion or impact-driven mechanical mixing is, in part, stochastic
given the origin and nature of large projectiles during the era of
terrestrial planet formation. Thus, since it appears that multi-
stage core formation is a natural outcome of terrestrial planet
formation, we propose a hypothesis that the existence of a plan-
etary magnetic field on Earth and the lack of a detectable field
on Venus is due to distinct differences in the bombardment his-
tories of these two sibling planets. Namely, Venus avoided a
large, violent impact near the end of its accretion, whereas the
Earth was struck violently at the end of its growth, simultane-
ously creating its Moon and homogenizing its core.
6. Conclusions
In this paper, we modeled the accretion and differentiation of
Earth-like and Venus-like planets from a collection of planetes-
imals and embryos in a protoplanetary disk to their final states.
In particular, we determined the composition of each core addi-
tion following metal-silicate equilibration and we also tracked
the evolving physical and chemical state of the core with a num-
ber of end-member models, although no particular choice sig-
nificantly effects the outcome with respect to core stratification.
We discovered that the cores of both planets grow stably strat-
ified. A stratigraphic record of the details of their accretion is
maintained with upper layers containing higher abundances of
light elements because they equilibrated at higher pressures and
temperatures during their descent through the mantle. These
changes in composition create conductive bands throughout the
core establishing a series of non-interacting convective shells.
While a thermally driven magnetic dynamo may be active in
these shells initially, after subsequent cooling and the start of
core solidification, a dynamo may only be driven in the lower-
most shell. This stratigraphic record in the core is maintained
despite occasionally over-dense layers and thermal transport
through the core, but it can be partly or completely destroyed
by giant impacts. The specific impact history of the planet,
including how energetic and how efficiently impact energy is
converted into mixing the core, matter greatly in determining
whether the conductive barriers survive accretion. Thus, the vi-
olence of accretion could separate those planets with planetary
dynamos from those without.
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Supplementary Information
Details of N-body simulations
In order to understand the growth of Earth’s core, we used
previously published simulations of the growth of Earth from
the accumulation of planetesimals and planetary embryos out
of the terrestrial protoplanetary disk (Jacobson and Morbidelli,
2014). These simulations follow the now standard N-body ap-
proach, they used a symplectic N-body method (Wisdom and
Holman, 1991) as modified in Symba to include perfect colli-
sions (Duncan et al., 1998). For clarity, we focus on the results
of a well-studied simulation, 4:1-0.5-8, which is the same as
that examined in Rubie et al. (2015, 2016). This simulation
follows the prescription set out in the supplementary material
of Walsh et al. (2011) in the section “Saturn’s core growing
in the 2:3 resonance with Jupiter” to model a Grand Tack ter-
restrial planet formation scenario. In a self-consistent frame-
work, the Grand Tack scenario reproduces the orbits and sizes
of the terrestrial planets, particularly the small mass of Mars,
and the compositional dichotomy of the asteroid belt. How-
ever, the core formation results presented here do not depend
on this scenario choice, since the terrestrial planets grow from
a series of planetesimal and planetary embryo accretion events
in all proposed terrestrial planet formation scenarios (Raymond
et al., 2009; Izidoro et al., 2015).
The simulated protoplanetary disk begins after the epoch of
runaway growth during the epoch of oligarchic growth, so mass
is bi-modally distributed between 87 planetary embryos each
with half a Mars mass located between 0.7 and 3 AU and, out
of computational necessity, only 2836 planetesimals with indi-
vidual masses of 3.8 × 10−4 Earth masses located between 0.7
and 3 AU and between 6 and 9.5 AU. Such a bi-modal mass dis-
tribution in a protoplanetary disk can be created by either plan-
etesimal accretion or pebble accretion (as reviewed in Jacobson
and Walsh, 2015). The outer disk (6 to 9.5 AU) of planetesi-
mals is dynamically scattered into the terrestrial planet forming
region by the outward migration of the giant planets during the
end of the Grand Tack scenario to deliver water to Earth and
the C-complex asteroids to the main belt, whereas the region
between 3 and 6 AU is initially occupied by the giant planets
and contains no terrestrial planet building blocks (Walsh et al.,
2011). As the simulation proceeds, the protoplanetary disk self-
stirs and enters the epoch of giant impacts during which the
planetary embryos grow into the terrestrial planets from the
accretion of planetesimals and other embryos. The final sys-
tem of planets in 4:1-0.5-8 consists of an Earth-like planet with
a mass of 0.94 Earth masses at 0.97 AU, a Venus-like planet
with a mass of 0.92 Earth masses at 0.62 AU, and two Mars-
like planets with masses of 0.06 and 0.13 Earth masses at 1.67
and 1.79 AU, respectively. This planetary system was selected
from a suite of published simulations (Jacobson and Morbidelli,
2014) because the Earth-like planet had a late final giant im-
pact and only accreted 0.5% of its mass after that giant impact,
which is consistent with the highly siderophile element record
in Earth’s mantle and other constraints (Jacobson et al., 2014).
Best fit parameters
XmetS i (1) 0.106
XmetFe (2) 0.418
δS (0) 0.864 AU
δ(1) 1.22 AU
δ(2) 1.59 AU
δ(3) 5.75 AU
fp 0.68
fm 0.60
τm 6.08 Myr
Table 1: Important parameters and reduced chi squared for the planetary differ-
entiation model (for comparisons with other simulations see Table 4 of Rubie
et al., 2015). The volatile (O, S, and H2O) compositions of each body are set
by heliocentric gradients in the protoplanetary disk with a number of fitted and
fixed parameters. XmetS i (1) is the fraction of Si as metal interior to distance δ(1),
XmetFe (1) is the fraction of Fe as metal interior to distance δ(1), X
met
Fe (2) is the
fraction of Fe as metal exterior to distance δ(2) and interior of distance δ(3).
The fraction of Si and Fe as metal is linearly interpolated between δ(1) and
δ(2). The abundance of S in each body is zero interior of distance δS (0), equal
to the CI abundance of 5.35wt% exterior of δ(3), and linearly interpolated in
between. The abundance of water in each body is zero interior of distance δ(3)
and 20wt% exterior.
Planetary differentiation model parameters
Table 1 contains the details of the important fitted parame-
ters and their values for the planetary differentiation model, as
described in detail in Rubie et al. (2015) and Rubie et al. (2016).
Planetary bulk compositions
Table 2 contains the final bulk compositions of the Earth-like
and Venus-like planets.
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